Geostatistics and geographical information system (GIS) procedures are novel techniques helpful for the identification of environmental correlates sustaining contact zones among subspecies or closely related species. In this paper, we tried to infer evolutionary scenarios for Vipera ammodytes across the European part of its distribution area using geostatistics and ecological niche-based models, hence trying to solve several biogeographical questions that remained unclear after the application of classical morphological tools and genetic analyses. Eleven morphological traits from 871 vipers were analysed with geostatistics and ecological niche-based modelling. Interpolation by kriging was used to generate surfaces of morphological variation, which were combined with spatial principal components analysis (SPCA). SPCA maps were used to test putative morphological differentiated groups with discriminant function analysis (DFA). Maximum entropy modelling and seven environmental variables were used to identify factors limiting the distribution of groups and areas for the potential occurrence of such groups. Three patterns of morphological variation were observed: a north-west/south-west cline, transition zones with steep clines of variation in a west-east arc, and particular character traits that disturbed the general cline. SPCA identified between three and nine putative population groups, of which three were supported by DFA. Areas of potential occurrence of these groups were coherent with the range of the three subspecies of V. ammodytes currently recognized. The distribution of all subspecies was mostly related to precipitation in the driest month. Areas of probable sympatry between subspecies are generally small and restricted. The main patterns of geographic variation of morphological characters for V. ammodytes were similar to the patterns obtained for Vipera latastei and Vipera monticola; the same environmental factors limit the distribution of differentiated groups of vipers in the Balkans and the Iberian Peninsula. The influence of humidity on the variation of morphological traits in spatially separated viper taxa from the two European peninsulas coincides with their phylogenetic relatedness. Geostatistics and GIS procedures were successful in the identification of environmental correlates sustaining contact zones among V. ammodytes subspecies in the Balkans. The same techniques should be applied for studying other parapatric forms and refugia regions.
INTRODUCTION
The dynamic and complex palaeogeographic and palaeoclimatic history of Europe undoubtedly influenced the population dynamics of many taxa, especially those susceptible to changes in temperature and humidity, such as the squamate species. Contemporary phylogeographic studies prove that the Balkan Peninsula was one of the most important European refugia (together with the Iberian Peninsula and the Apennines) during the Pleistocene Ice Ages (Taberlet et al., 1998; Crnobrnja-Isailović, 2007) .
Palaeogeographical, hydrological, and palaeoclimatological changes during the Quaternary must have had significant influence on the evolutionary history of many recent reptile species. European vipers represent a good model system for analyses of the impact of these factors, as their phylogeny largely coincide with the timescale presented: they differentiated from other Eurasian vipers during the early Miocene (Lenk et al., 2001; Garrigues et al., 2005) , and the ancestral form of the Vipera aspis complex was found in the Miocene fossil records (Szyndlar & Böhme, 1993) . On the other hand, basal intraspecific genetic differentiation within two of the three species belonging to the Vipera aspis complex (Vipera ammodytes, Vipera aspis, and Vipera latastei) was dated to the middle Pliocene [V. aspis, 4.5-2.8 Mya (Ursenbacher et al., 2006) ; V. ammodytes, 4.1-3.6 Mya (Ursenbacher et al., 2008) ]. Finally, further genetic differentiations of the nose-horned viper (V. ammodytes) were dated to the Pleistocene (Ursenbacher et al., 2008) .
Several studies used advanced statistical multivariate analysis, such as principal component analysis (PCA) or canonical variate analysis (CVA), to illustrate geographic patterns of variation in morphological characters (Thorpe, 1987a and references therein) . These studies stressed the relationship between sharp transition zones and steep clines in morphological traits with the occurrence of hybrid zones resulting from secondary contact (Thorpe, 1987b) , and tried to disentangle the effects of ecological adaptation and phylogeographic processes in current morphological patterns (e.g. Thorpe et al., 1991) . The combination of PCA and CVA with interpolation algorithms further enhanced the robustness of analyses, and emphasized the usefulness of geostatistical approaches to the analyses of geographic patterns of variation in morphological characters (e.g. Báez & Brown, 1997) . Recently, the combination of geostatistics with geographical information systems (GIS) has increased the importance of geography in evolutionary biology (Kidd & Ritchie, 2006; Swenson, 2008) . GIS are powerful tools to analyse geographic-related processes, and provide novel insights into morphological and genetic patterns of variation (Kidd & Ritchie, 2000; Hoffmann et al., 2003; Brito et al., 2008; Martínez-Freiría et al., 2009) , the location of hybrid zones (Swenson, 2006; Brito et al., 2008; Martínez-Freiría et al., 2008) , and the dynamics of gene flow therein (Spear et al., 2005) . The combination of ecological niche modelling with molecular phylogenies expanded even more evolutionary biology studies by linking geographic patterns of ecological and genetic variation in evolutionary processes (Hugall et al., 2003; Knouft et al., 2006; Knowles, Carstens & Keat, 2007) .
In this study, geostatistics and GIS were combined to examine morphological variability in a viper from the Eastern Mediterranean basin. Among European vipers, V. ammodytes is one of the most widespread in Southern Europe. It is a moderately sized viper, up to 1 m long, with a typical 'horn' on the snout, just above the rostral scale. Its range extends from central northern Italy, southern Austria, through the Balkans and southern Romania, to north-eastern Turkey and Transcaucasia (Arnold & Ovenden, 2002) . In previous systematic revisions, up to seven subspecies have been described, but a recent comprehensive morphological study by Tomović (2006) proved the reliability of only three of them: V. a. ammodytes (northern Italy, southern Austria, Slovenia, Croatia, Bosnia and Herzegovina, Montenegro, northern Albania, most of Serbia, both north-western FYR Macedonia and Bulgaria, and western Romania), V. a. montandoni (southeastern Romania, most of Bulgaria, western Turkey, north-eastern, northern, and north-western Greece, most of FYR Macedonia, the southernmost part of Serbia, and southern and central Albania), and V. a. meridionalis (central Greece, Peloponnesus, and Cyclades), with several transition zones between them. The most intriguing result of that study was the apparently increasing gradient of morphological differentiation from the north-west to the south-east, suggestting higher degrees of diversity in southeastern populations.
A recent phylogeographic study of V. ammodytes (Ursenbacher et al., 2008) confirmed that the basal splitting within this species happened between 4.1 and 3.6 Mya. In addition, population groups from the southern Balkans displayed higher genetic differentiation in comparison to the north-western groups: overall genetic divergence (e.g. number of clades) seemed to be higher than phenotypic divergence.
The present morphological study aims to infer evolutionary scenarios for V. ammodytes across its distribution area using geostatistics and GIS-based niche models, and tries to solve several biogeographical questions that remained unclear after the application of classical morphological analytical tools. The specific questions stated in this study are: (1) are there any geographic trends in the distribution of individual morphological traits; (2) are there coherent morphological groups with consistent spatial distributions; (3) is the distribution of morphological groups related to environmental factors; (4) where are contact zones between morphological groups located; (5) is there any congruence in distribution between morphological groups and genetic clades defined in previous phylogenetical studies? The linking of geostatistics, ecological niche modelling, and GIS is expected to identify morphologically coherent groups, environmental sources of adaptation for such groups, and areas of secondary contact and probable hybridization among groups.
MATERIAL AND METHODS

DATA
Specimens and morphological characters
The study area includes the European range of the species (Fig. 1) , thus excluding the populations from the Asian part of Turkey. A total of 871 specimens (434 males and 437 females) with clear geographic assignment were examined from the collections of several institutions (details in Tomović, 2006) . The geographic location of the specimens examined in museum collections was determined manually from Google Earth and latitude/longitude was inscribed in a georeferenced database. The locations of specimens were displayed in GIS ArcMap 9.2 (ESRI, 2006) on the WGS84 datum (Fig. 1) .
For each specimen, a total of 11 meristic and morphometric characters were recorded: BPC, body pattern complexity, coded in four categories related to the increasing levels of complexity of the dorsal coloration pattern; DES_F and DES_M, distance between the eye and supralabial scales (mean value of the both sides) in females and males; HHE_F and HHE_M, horn height from the rostral plate to the top of the horn in females and males; HWI_F and Figure 1 . Study area, major toponomies, and location of specimens of Vipera ammodytes used in the analysis (WGS84 projection). The analysis mask delimits the area for which continuous morphological trait surfaces were derived. The thick lines delimit the subspecies separation proposed by Tomović (2006) Saint-Girons (1978) . It ranged from broken marks or complete marks with discontinuous large spots to broad marks in a zigzag shape with very broad unions of dorsal marks. These characters were reported to present geographic variation in previous morphological analyses (Tomović & Džukić, 2003; Tomović, 2006) . Analyses were conducted separately for males and females in order to avoid sexual dimorphism-related biases. Although only adult specimens (i.e. males with a snout-vent length, SVL > 40 cm and females with a SVL > 45 cm) were included in analyses, all biometric traits were corrected for SVL using residuals from regression of each trait against SVL in order to avoid body-size biases.
Environmental factors
A set of seven low to slightly correlated (r < 0.700 in all cases) environmental factors or ecogeographical variables (hereafter EGVs), known to affect the distribution of European viperid snakes, were selected for the analyses (Santos et al., 2006; Brito et al., 2008; Martínez-Freiría et al., 2008) . Two types of EGV were considered: (1) topographical -a digital elevation model with altitude (30″ resolution; USGS, 2006) , from which a slope was generated using the 'Slope' function of the GIS; and (2) climatic -a set of five climate layers (0.0083 degrees resolution; Hijmans et al., 2005) , representing seasonal and extreme trends of temperature and precipitation (Table 1) . The ambiguity and imprecision in location description in some museum collections precluded the use of finer scales of analysis (i.e. 5 ¥ 5-or 1 ¥ 1-km grid cells). Thus, although the size of the grid cells (pixel) of the EGV was around 1 km 2 , the location of specimens was available at a 10 ¥ 10-km resolution. Therefore, in order to combine both morphological and environmental data, the EGV were resampled to a coarser resolution (10 km) using the 'Aggregate' function of ArcMap GIS. In the new EGV, each output pixel contains the mean value of the input pixels that are encompassed by the extent of the output pixel. All EGV were quantitative. All variables were projected in the WGS84 datum.
MODELLING PROCEDURES
Spatial patterns in individual morphological characters
The specimens examined did not cover all pixels of the study area (Fig. 1) . Therefore, it was necessary to interpolate trait values at unsampled locations (Kidd & Ritchie, 2000; Brito et al., 2008; Martínez-Freiría et al., 2009) . For each trait, a continuous surface was created with 'Kriging' interpolation method (Olivier, 1990) , implemented in ArcMap GIS in the 'Geostatistical Analyst' extension (Johnston et al., 2001) . When more than one specimen was examined with the same geographic coordinates, the mean for the trait was used. Each standard trait map was reclassified into equal intervals between their respective maximum and minimum values for the trait, and then converted to raster format. Accurate interpolation models should have the mean error close to 0, the smallest possible root-mean-square error and average standard error, and the root-mean-square standardized error close to 1 (for details see Johnston et al., 2001) .
Correlation coefficients between continuous morphological trait surfaces, and with latitude and longitude, were used to identify geographic trends in morphological traits, and were calculated with the 'Band Collection Statistics' tool of ArcMap GIS.
Spatial patterns in multivariate morphological variability
The identification of areas with multivariate clines and with coherent morphological variability followed several steps.
A spatial principal components analysis (SPCA)
was undertaken using the continuous morphological trait surfaces derived in the previous step (Kidd & Ritchie, 2000; Brito et al., 2008; Martínez-Freiría et al., 2009) . The SPCA maps were created For each PC map, the loading scores were used as a measure of the association between surface trait maps, and the total variance accounting for each eigenvalue was used to evaluate the level of explanation of the analysis. 2. The individual PC maps were combined in a single map with the 'Composite Bands' tool of ArcMap GIS, and resulted in a multiple-band map displaying the individual PC maps together as a RedGreen-Blue composite. 3. The study area was partitioned into geographical areas (groups) according to the main subdivisions observed in the SPCA map. The 'IsoCluster' and 'Maximum Likelihood Classification' tools of ArcMap GIS (ESRI, 2006) were used to identify the range of each group. To avoid ambiguities in the decision of how many groups could be found in the composite SPCA map, seven distinct classification maps were produced, each one assuming the presence of between three and nine groups. The minimum and maximum number of groups was selected according to previous analyses: there are three subspecies in the study area defined according to morphological variation (Tomović, 2006) , and nine well-supported genetic lineages were identified with molecular markers (Ursenbacher et al., 2008) . Application of the maximum likelihood classification function to determine the range of each group, and independently testing each possible classification scheme of between three and nine groups, removed subjectivity from the process of selecting how many groups are present and what is their distribution. 4. The significance of group number and range proposed by the classification function was tested with discriminant function analysis (DFA). DFA was performed to clarify the relative importance of morphological variables as discriminators between a priori groups and the relative positions of the centroids of those groups (Tomović, 2006) . Males and females were analysed separately because of significant sexual dimorphism (Tomović et al., 2002) . A stepwise classification procedure was used to evaluate population membership with STATIS-TICA 6.0 (StatSoft Inc., 2003) . Reallocation with cross-validation was used to assess the distinctness of the specimen grouping, and the percentage of correct assignment of specimens to each population was taken as a measure of model robustness.
Biogeographic patterns in morphological groups
The examined specimens were assigned into geographic areas in the ArcMap GIS, following the same groups tested with DFA (see above) that were hypothesized from the SPCA maps. The accurate determination of the absence of V. ammodytes in a region of study was not possible because of both daily and seasonal variations in the activity patterns of the species (Crnobrnja-Isailović, Ajtić & Tomović, 2007) , as well as because of logistic constraints. Therefore, to detect biogeographic patterns in the distribution of morphological variability, the maximum entropy principle was used (Phillips, Anderson & Schapire, 2006 , Phillips & Dudík, 2008 . This modelling technique requires only presence data as input, but consistently performed well in comparison with other methods (Elith et al., 2006) , especially for low samples sizes (Hernandez et al., 2006) . A matrix with specimen localities for each group and the set of EGVs was imported into MAXENT 3.3 . A total of 20 replicates were run for each model type with random seed, which allows a different random 20% test/80% train data partition in each run. Presence data for each replicate were chosen by bootstrap allowing sampling with replacement. Models were run with auto-features mode , with a maximum of 1000 interactions and regularization set to 1.0, and the area under the curve (AUC) of the receiver operating characteristic (ROC) plot was taken as a measure of the overall fit of the models (Fielding & Bell, 1997) . The importance of each EGV for explaining the distribution of vipers was determined by the average percentage contribution of each EGV for the models . The relationship between occurrence of vipers and each EGV was determined by the examination of the profiles of response curve plots from univariate models (Martínez-Freiría et al., 2008; Brito et al., 2008 Brito et al., , 2009 . Similar profiles between two groups for a given EGV were taken as an indication of identical relationships between the occurrence of these species and the range of variation of the EGV. A distinct profile of a group in relation to the other groups was taken as an indication of a divergent relationship, and possible exclusion of that group within the range of values of the EGV selected exclusively (Martínez-Freiría et al., 2008; Brito et al., 2008 Brito et al., , 2009 . In order to identify potential contact zones between groups in the Balkans, the average Maxent models were imported into ArcMap GIS. The maximum entropy models were reclassified using the tenth percentile training presence, given that this threshold assumes that 10% of specimen localities might have errors in geographic referencing: a possible problem when dealing with museum data sets where specimens were collected by different researchers over long time periods (Raes et al., 2009) . Models were MORPHOLOGY OF THE NOSE-HORNED VIPER 655 reclassified to display the areas of probable absence and of probable presence for each group. To identify areas of probable contact zones between groups, these maps were intersected in the GIS and the pixels of probable presence common to both geographic groups were taken as representing probable sympatry (Martínez-Freiría et al., 2008; Brito et al., 2008 Brito et al., , 2009 .
RESULTS
SPATIAL PATTERNS IN INDIVIDUAL MORPHOLOGICAL CHARACTERS
The Kriging interpolation method produced accurate continuous surfaces of morphological variation (Table 2 ). Three basic patterns of spatial variation in morphological traits could be observed (Fig. S1 ).
1. A geographic cline from the north-western region (Italy, Austria, Slovenia, and Croatia) to the southern region (Greece and the European part of Turkey). The cline was either for decreasing or increasing values of traits (decreasing, VEN, SC_M, NSR, and RWI; increasing, HWI and RHE) with decreasing latitude. 2. Transition zones with steep clines of morphological variation in a west-east arc along the Prokletije, Šar Planina, Osogovo, and Stara Planina mountain chains (see Fig. 1 for toponymies). This pattern was mostly apparent in the traits VEN, SC_F, and RHE. 3. Particular character traits that disturbed the general north-western to southern cline occurred in the chain of mountains ranging from southern Macedonia to the Pirin, Rila, and Western Rhodope mountains of Bulgaria. This pattern was mostly evident in traits HHE, SHE, and DES.
The surface traits of HHE_F, HWI_F, NSR, RHE_M, RWI_F, and SHE_M exhibited high correlations (r > 0.700) with at least one other trait, and were excluded from further analyses. Latitude was positively correlated with VEN, HWI_F, NSR, SCM, and SHE_M, whereas longitude was negatively correlated with HHE_F, NSR, RHE_M, RHE_F, and HHE_M.
SPATIAL PATTERNS IN MULTIVARIATE MORPHOLOGICAL VARIABILITY
The variance accounted by the three most explicative dimensions on the SPCA was 80%, and practically all traits explained an important level of variation in the PC1, PC2, or PC3 axes (Table 3 ). The PC1 summarized the major cline, with north-western to southern orientation, observed in some individual surface trait maps: low values in Italy, Austria, Slovenia, Croatia, and Bosnia and Herzegovina, and high values in Greece and Turkey ( Fig. 2; PC1) . The PC1 also illustrated steep clines along the Prokletije and Šar Planina mountains, and along the Južna Morava River valley (Serbia). PC2 summarized the high variability along the mountains of Macedonia, northern Greece, and south-western Bulgaria, which was also observed in several individual PC maps ( Fig. 2; PC2) . The combination of the highest loading scores exhibits a complex pattern of morphological variation (Fig. 2, SPCA) . Nevertheless, it is clearly very complicated to decide unambiguously the number of groups present and their range. The 'IsoCluster' and 'Maximum Likelihood Classification' functions allowed the independent production of maps depicting bewteen three and nine putative groups (their respective range and results are presented in Fig. S2 ). The validity of these putative subdivisions was assessed with a discriminant function analysis. The average total correct classification of specimens between males and females consistently decreased with increasing numbers of subdivisions essayed: it started with 84% assuming three groups (males, 83.6%; females, 83.8%) and ended with 53% assuming nine groups (males, 55.3%; females, 51.3%). Figure 2. Spatial principal component maps for the first (PC1) and second (PC2) most informative axes, spatial principal components analysis (SPCA) map depicting morphological variability accounted for (80%) by the first three axes of Vipera ammodytes, and individual subdivision tested with discriminant function analysis assuming three groups that correspond to presently recognized subspecies. Subdivisions were based on a maximum likelihood classification function using a signature file defined by the clustering of individual PC maps (see Material and methods for details). Each symbol in the '3 groups' map represents a locality for which morphological data were available.
In fact, the major decrease in average correct classification occurred from three to four groups (from 84 to 68%). The distribution of the three groups was coherent, and divided the study area into three main regions: north-western, central-eastern, and southern areas (Figs 2, 3 groups). These results clearly support the case that the scenario with three morphological groups is the putative subdivision that provides the highest correct classification of specimens. Within the three-groups scenario, the average correct classification of specimens was very high for the north-western group (above 95%), but was relatively low for the central-eastern group (Table 4) . On average, there were 16% of misclassifications of specimens (sexes combined), which was especially marked in the central-eastern group (Table 4) . Interestingly, the distribution of the three groups roughly follows the proposed distribution for the three subspecies of V. ammodytes currently recognized by Tomović (2006) using classical morphological analyses (cf. Figs 2, 3 groups with Fig. 1 ). Therefore, to avoid duplication of designations (subspecies and regions), the three morphologically coherent regions are hereafter designated according to the subspecific taxonomy: the northwestern group corresponds to V. a. ammodytes; the central-eastern group corresponds to V. a. montandoni; and the southern group corresponds to V. a. meridionalis.
BIOGEOGRAPHIC PATTERNS IN MORPHOLOGICAL GROUPS
The maximum entropy models identified a set of topographical and climatic EGVs explaining the distribution of subspecies (Table 5 ). The distribution of some subspecies was influenced by common EGVs, such as precipitation in the wettest month for V. a. ammodytes and V. a. meridionalis, and, remarkably, all subspecies are mostly related to precipitation in the driest month. The analysis of EGV response curves Analyses were conducted for males and females separately.
( montandoni but especially V. a. meridionalis occur in areas with low annual temperature range. Therefore, the distribution of subspecies and their contact zones should be mostly related to precipitation in the driest month (see Fig. S3 for a representation of subspecies distribution according to geographical variation in precipitation in the driest month). The average AUC for both training and test data was relatively high for all subspecies (average training, 0.929; average test, 0.885), suggesting a reasonable fit for all ecological models (Table 5) . Areas of potential occurrence of subspecies (Fig. 4) were identified for the three subspecies.
1. Vipera ammodytes ammodytes was found in relatively continuous areas along the north-western region (from 0 up to 2000 m a.s.l.), ranging from Italy/Austria to the west-east arc formed along the Prokletije and Šar Planina mountain chains, and along the Južna Morava River valley (Serbia). Suitable and isolated areas are also identified along the Stara Planina Mountain chain in Serbia and Bulgaria. 2. Vipera ammodytes montandoni was found in fragmented areas (from 0 up to 1700 m a.s.l.) covering most of Macedonia, Bulgaria (except the aforementioned mountains), Romania, Turkey, and Greece (including the Olympic and Óssa mountains), with the exception of coastal areas to the Aegean Sea. A suitable and isolated area is also suggested for the Albanese populations coastal to the Adriatic Sea. 3. Vipera ammodytes meridionalis was found in continuous areas (from 0 up to 1100 m a.s.l.) restricted to Greece, but was also found in fragmented areas covering the Olympic, Óssa, and Calcidic mountains along the Aegean Sea.
Areas of probable sympatry between subspecies (Fig. 5) are generally small and restricted, and were identified for: (1) V. a. ammodytes-V. a. montandoni in the west-east arc formed along the Prokletije and Šar Planina mountain chains, along the Južna Morava River valley (3.4% of study area), as well as along the coastal regions of Montenegro, northern Albania and southern Croatia; (2) V. a. montandoni-V. a. meridionalis in the Olympe, Óssa, and Calcidic mountains of Greece (1.6% of study area); (3) V. a. ammodytes-V. a. meridionalis in only one pixel on the western coast of Greece, Jonian Sea (0.0002% of study area). Most of the misclassified specimens by the DFA (Table 4) are located within areas of probable sympatry or in the vicinities of these areas (Fig. 5): (1) 66% of misclassified specimens between V. a. ammodytes and V. a. montandoni (from a total of 105 misclassified); (2) 76% of misclassified specimens between V. a. montandoni and V. a. meridionalis (from a total of 25 misclassified). The 12 misclassified specimens between V. a. ammodytes and V. a. meridionalis were located far from the two pixels predicted with potential sympatry. 3.6 (2.0) 11.4 (4.5)* 12.6 (9.5)* TMIN 8.0 (2.5)* 10.8 (4.3)* 6.5 (3.1) PDRY 53.5 (6.8)* 39.4 (7.5)* 47.0 (16.5)* PWET 13.7 (5.7)* 9.8 (5.0) 11.3 (4.8)* PSEA 7.4 (2.8) 13.0 (5.6)* 11.1 (6.1)* *Variables that sum at least 75% of contribution on average for each subspecies.
MORPHOLOGY OF THE NOSE-HORNED VIPER 659 Geostatistics and GIS procedure was recently successfully applied for inferring evolutionary scenarios in V. latastei and Vipera monticola from the Iberian Peninsula and the Maghreb, respectively , as well as for the identification of environmental correlates that sustain a contact zone between V. latastei, V. aspis and Vipera seoanei (Martínez-Freiría et al., 2008 ). The main patterns of geographic variation of morphological characters for V. latastei and V. monticola were in some way surprisingly similar to the patterns obtained for V. ammodytes in this study, e.g. the same environmental factors limit the distribution of differentiated groups of vipers in both peninsulas. Meristic traits (e.g. number of scales in reptiles) show geographic variation along an environmental factor gradient, and could result from adaptation for optimal heat and water exchange (e.g. Soule, 1966; Horton, 1972; Malhotra & Thorpe, 1997; Sanders, Malhotra & Thorpe, 2004) . Also, morphological similarity in dorsal colour pattern could be the result of convergent evolution, e.g. adaptive evolution to similar environments, and reflect selection pressures such as camouflage (Sanders et al., 2004) . Undoubtedly, the influence of humidity (e.g. precipitation of the driest month) on the variation of the analysed set of meristic traits in spatially separated viper taxa from the Iberian and Balkan Peninsulas coincides with their phylogenetic relatedness, but could be a general phenomenon among snakes, and thus requires more detailed research.
DISCREPANCY BETWEEN GENETIC AND MORPHOLOGICAL SPATIAL PATTERNS
In this particular case, the overall phenotypic differentiation in V. ammodytes (Tomović, 2006; this study) is not completely congruent with genetic differentiation (Ursenbacher et al., 2008) , i.e. the pattern of phenotypic variation does not reflect in detail the evolutionary history of the taxon.
The first splitting of V. ammodytes in the Balkans probably happened in the early to mid Pliocene (4.1-3.6 Mya), when the ancestral group separated into seven clades: Montenegrin, north-eastern, northwestern, south-western, Cyclades, Peloponnese, and south-eastern (Ursenbacher et al., 2008) .
Except divergence between the Peloponnesus and the Cyclade clades, which took place 3.5 Mya, and the basal splitting within the south-eastern clade that happened c. 2.7 Mya, all splits within each clade and subclade took place in the Pleistocene (mainly during the last 0.7 Mya).
The Pleistocene glaciations influenced the contraction of the species range mostly in northern parts, so it could be supposed that the previously formed clades diverged during the Pleistocene, and that some refugial populations persisted in middle Dalmatia, southern Montenegro, lowland and coastal Albania, and in Greece. The possible borders for subsequent spreading of haplotypes during interglaciation periods and unification of genetic structure of V. ammodytes populations could be the high mountain chains of the central part of the Balkans (e.g. Prokletije, Šar Planina, Korab, and western part of the Stara Planina mountains). As most of the individuals that were analysed here for external morphology were not examined for mtDNA haplotypes, and vice versa, it can be said that only one of the previously defined genetic groups recognized by Ursenbacher et al. (2008) 
BIOGEOGRAPHIC PATTERNS IN MORPHOLOGICAL GROUPS
The analysed clinal pattern of morphological variation in V. ammodytes is concordant with proposed subspecies number and distribution (Tomović, 2006) . It is also concordant with the clinal pattern of present (modern) variation in precipitation of the driest month (this study). This is expected, as analysed phenotypic traits reflect local adaptation. However, there are some discrepancies that may best be explained by patterns in the Quaternary of Europe and the Balkans: the climate had been severely changing from the Tertiary to the end of the Pleistocene (Issar, 2003) . The climate of the early Pliocene was warm and humid, but deterioration began in the middle Pliocene (3.1 Mya), heralding the Quaternary cooling: the most severe climatic oscillations occurred during the last 700 000 years, with cyclic glacial and interglacial periods (e.g. Hewitt, 1999 Hewitt, , 2004 .
The predicted sympatry between V. a. ammodytes and V. a. montandoni phenotypes could be the reflection of the climatic oscillations during the period of the last deglaciation and post-Pleistocene period in the western and central Balkans. During the transition from the Pleistocene to the early Holocene, the whole Mediterranean region was characterized by high or rising lake levels, indicating a wet climate distinctly different from that of the present day (Roberts et al., 2001) . At that time, V. a. ammodytes phenotypes could prevail in the aforementioned areas. But, three periods of aridity occurred during the transition from the late-Pleistocene to the Kya in the central Mediterranean Sea; Combourieu-Nebout et al., 1998) , as well as in the mid Holocene (Digerfeldt, Sandgren & Olsson, 2007) . Thus, the frequency of V. a. montandoni phenotypes better adapted to conditions of low precipitation could increase towards the north-west. On the contrary, during the periods of more humid climates (i.e. at the beginning of the Holocene; Rohling & Hilgen, 1991) , V. a. ammodytes phenotypes overwhelmed the areas where predicted sympatry with V. a. montandoni occurs (coastal areas of Eastern Adriatic, northern Albania, the Valley of Južna Morava River in Serbia, and along the Stara Planina Mountain chain in Serbia and Bulgaria).
According to geographic variation of environmental variables, the valley of the lower Vardar River in Macedonia has suitable habitat conditions for V. a. meridionalis phenotypes, but currently they are not present there. However, four specimens that came from eastern Macedonia were classified by the DFA as V. a. meridionalis. Similarly, during the early Holocene, the climate of the southern part of the Balkan peninsula (Peloponnesus and mainland Greece) had altered several times, from cold and humid to warm and dry, and vice versa (Issar, 2003 , and references therein). It could be supposed that during those dry and warm periods, V. a. meridionalis phenotypes, being more adapted to conditions of extremely low precipitation, spread towards the north; but, during the more humid and cold periods, they were overwhelmed by V. a. montandoni phenotypes. Areas of predicted sympatry between these two phenotypes (Olympe-Óssea and the Calcidic Mountains of Greece) probably harbour diverse microhabitats that have been suitable for the coexistence of both V. a. meridionalis and V. a. montandoni since the onset of the Holocene (Tzedakis et al., 2002) .
The most intriguing zone is the central part of the Balkans (i.e. Macedonia). It is a highly differentiated zone in PC2 and SPCA, and breaks the cline from north-west to south (Fig. 2) . Also, it has the predicted occurrence of V. a. montandoni phenotypes, but a very low occurrence of V. a. meridionalis: there are no areas of sympatry predicted in the region (Fig. 5) . Macedonia might have been part of the historical range of all three forms. It is likely that V. a. ammodytes phenotypes entered the area from the west (mountainous part) during periods of wet climate (i.e. the beginning of the Holocene, and again from the late Holocene to the present day; Rohling & Hilgen, 1991; Roberts et al., 2001) . This phenotype currently inhabits the western, mountainous part of the country, characterized with moist climatic conditions. Possibly the V. a. montandoni phenotype occupied Macedonia in the periods of drier climate (mid Holocene; Roberts et al., 2001; Wright et al., 2003) ; currently it inhabits the central and eastern parts of the country, which are characterized by a dry climate too. The V. a. meridionalis phenotype, which is adapted to extreme dryness, currently does not inhabit Macedonia. Historically, this phenotype could only prevail in the area in periods of extreme dryness, as it has been proven that the north-western part (coastal area, west of Pindus Mountain) of Greece had a more humid climate, even during the mid Holocene, compared with the eastern part (continental part, east of Pindus Mountain) (Tzedakis, 1993; Tzedakis et al., 2002; Lawson et al., 2004) . Thus, the Ionian Sea and the Pindus Mountain would act as barriers, limiting gene flow that might have originated from range expansions of the clades, and preserving accumulated differences that originated during the periods of isolation (Tzedakis et al., 2002) .
The results of this study do not provide enough information about the extent of species genetic potential for observed phenotypic plasticity in external morphology. But, the discrepancies in the recent distribution of adaptive phenotypes in Macedonia could be explained by the dynamic action of selective regimes in different directions, coupled with population bottlenecks where some portion of genetic variability was lost. As a result, today there are 'relict' phenotypes that obviously cope with contemporary climatic conditions. Although V. ammodytes is active from early spring to late autumn, it has been proven that there are differences in the activity pattern of males and females in different seasons (i.e. in spring and summer): males tend to be more active in spring (because of their greater energetic costs for reproductive activities), whereas females are more active in the summer season during the gestation period .
Future work should focus on research of environmental patterns of both the genetic and the morphological variability of individuals from populations in zones of predicted sympatry, in order to confirm or reject the hypothesis suggested in this study.
CONCLUSIONS
This study, based on geostatistics and the GIS procedure used for the identification of environmental correlates that sustain a contact zone among different subspecies, indicated that the same environmental MORPHOLOGY OF THE NOSE-HORNED VIPER 663 factors limit the distribution of differentiated groups of related taxa that geographically more-or-less replace each other (for comparison see Brito et al., 2008; Martínez-Freiría et al., 2008 ).
The same techniques should be applied for studying other parapatric forms and regions (e.g. the Apennine Peninsula), to test whether the same environmental (and possibly palaeoenvironmental) factors could have an influence on the evolutionary history, morphological differentiation, intraspecific taxonomy, and geographic distribution of different animal groups in refugial regions of Europe (Hewitt, 1999) .
This study is concordant with convergent evolution driving morphological similarity rather than phylogenetic proximity (Sanders et al., 2004) . Thus, the origins of similarity in external morphology, especially in scale number and/or dorsal colour pattern in squamate taxa, should be analysed with caution in order to avoid misinterpretations in taxonomic revisions.
